We present the structure and nucleotide sequence of a gene encoding the human epidermal keratin. Three genomic clones were isolated from a X Charon 4A human genomic library by hybridization to a specific cDNA probe. vealed that a mammalian species expresses a total of about 20 different keratin subunits, which can be divided into distinct acidic (pI 4.5-5.5) and neutral-basic (pI 6.5-7.5) groups (1). This large number of subunits appears to originate at the gene level, since translation of poly(A)-enriched RNA extracted from these tissues reveals that a discrete mRNA species exists for each subunit (2-5). These protein chemical and mRNA translation experiments, as well as analyses involving monoclonal antibodies (6, 7), show that any one epithelial-cell type usually expresses only a few of these subunits, and these always occur as coordinated doublets consisting of at least one acidic and one neutral-basic keratin. For example, the hyperproliferating basal cells of newborn mouse or human epidermis express four keratin subunits: two acidic subunits (50 and 55 kDa in mouse, 50 and 52 kDa in human) and two neutral-basic subunits (59 and 60 kDa in mouse, 56 and 58 kDa in human). Suprabasal epidermal cells, committed to terminal differentiation, express one acidic subunit (59 kDa in mouse or 56.5 kDa in human) and one basic subunit of 67 kDa. This co-expression phenomenon appears to pertain throughout vertebrate epithelia (8). These findings all imply that two keratin subunits, one of each charge group, are required for keratin IF assembly in vivo, as was found in earlier in vitro assembly experiments (9). Partial or complete amino acid sequences are now available for several of the epidermal keratins (10) (11) (12) (13) (14) 38) , and the data show that all of them are constructed on a common plan: a central a-helical domain of conserved length and secondary structure, flanked by end-domains of highly variable size (<50 to >150 residues) and amino acid sequence. Comparisons of the sequences of the a-helical domains of different keratin subunits show that they can be divided into two distinct homologous types: the acidic keratins contain type I a-helical sequences, and neutral-basic keratins contain type II a-helical sequences (refs. 11, 13, and 14, and unpublished observations). The reason for the expression of many different subunits and the structural and functional significance of the coincident expression of two types of keratin subunits in one tissue is not known.
genes arose from a common ancestral gene.
The cytoskeleton of epithelial cells contains a class of intermediate filaments (IF) called keratin (or cytokeratin)
filaments. Detailed two-dimensional gel electrophoretic analyses of extracts of various epithelial tissues have revealed that a mammalian species expresses a total of about 20 different keratin subunits, which can be divided into distinct acidic (pI 4.5-5.5) and neutral-basic (pI 6.5-7.5) groups (1) . This large number of subunits appears to originate at the gene level, since translation of poly(A)-enriched RNA extracted from these tissues reveals that a discrete mRNA species exists for each subunit (2) (3) (4) (5) . These protein chemical and mRNA translation experiments, as well as analyses involving monoclonal antibodies (6, 7) , show that any one epithelial-cell type usually expresses only a few of these subunits, and these always occur as coordinated doublets consisting of at least one acidic and one neutral-basic keratin. For example, the hyperproliferating basal cells of newborn mouse or human epidermis express four keratin subunits: two acidic subunits (50 and 55 kDa in mouse, 50 and 52 kDa in human) and two neutral-basic subunits (59 and 60 kDa in mouse, 56 and 58 kDa in human). Suprabasal epidermal cells, committed to terminal differentiation, express one acidic subunit (59 kDa in mouse or 56.5 kDa in human) and one basic subunit of 67 kDa. This co-expression phenomenon appears to pertain throughout vertebrate epithelia (8) . These findings all imply that two keratin subunits, one of each charge group, are required for keratin IF assembly in vivo, as was found in earlier in vitro assembly experiments (9) .
Partial or complete amino acid sequences are now available for several of the epidermal keratins (10) (11) (12) (13) (14) 38) , and the data show that all of them are constructed on a common plan: a central a-helical domain of conserved length and secondary structure, flanked by end-domains of highly variable size (<50 to >150 residues) and amino acid sequence.
Comparisons of the sequences of the a-helical domains of different keratin subunits show that they can be divided into two distinct homologous types: the acidic keratins contain type I a-helical sequences, and neutral-basic keratins contain type II a-helical sequences (refs. 11, 13 , and 14, and unpublished observations). The reason for the expression of many different subunits and the structural and functional significance of the coincident expression of two types of keratin subunits in one tissue is not known.
In an interesting counterpoint to the complexity of the keratins of epithelial tissues, the IF proteins vimentin, desmin, and glial fibrillary acidic protein, normally expressed in mesenchymal, muscle, and astroglial tissues, respectively, each consist of a single protein; that is, they form homopolymer IF (9) . Their amino acid sequences are known (15) (16) (17) and their secondary structures conform to that found for keratin IF subunits, but their a-helical coiledcoil sequences form a distinctly different type III group (18) .
In terms of the gene structure of IF subunits, mammalian and avian vimentin are known to be each encoded by a single gene (15, 19) , and the structure of the hamster vimentin gene has been reported (15) . However, no information is currently available on the complexity or structure of the genes that encode the keratins. In this report, we describe the structure and sequence of a gene for the human epidermal keratin of 67 kDa. This gene system is of particular interest because it seems that the expression of the keratin can be modulated by a variety of extrinsic or intrinsic factors in normal and abnormal epidermis and in cell culture (20, 21) .
EXPERIMENTAL PROCEDURES
Isolation of Genomic Clones. cDNA clone pK456 [1.95 kilobase pairs (kbp)] encodes about 75% of the mRNA for the human 67-kDa keratin (38) . For the detection of genomic clones, two fragments from pK456 were used: a Taq I-Pst I fragment (0.4 kbp) corresponding to the 3'-nontranslated region of the mRNA; and a Pst I-Pst I fragment (0.4% kbp) corresponding to a region encoding part of the a-helix of the protein. These fragments were labeled by nick-translation (22) . The X Charon 4A genomic library originating from a partial Hae III digest of human fetal liver DNA (23) was screened with these probes by using in situ plaquehybridization procedures (24, 25) . After three rounds of subcloning had identified single-phage plaques, positive clones were amplified for isolation of DNA (25 fTo whom reprint requests should be addressed.
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either single or multiple restriction enzymes, and the fragments were separated on 0.6-1.2% agarose gels. After transfer to nitrocellulose (26) , specific fragments were identified by hybridization to the various cDNA mapping probes. Fragments were sized by comparison with the relative mobilities of digests of X and 4X-174 DNA (Bethesda Research Laboratories).
R-Loop and D-Loop Analyses. Cloned genomic DNAs were denatured and then hybridized with poly(A)-enriched RNA (mRNA) isolated from newborn human foreskins (38) or with other genomic DNAs or the cDNA probe for R-loop (27, 28) Fig. 2 ), were inserted into the 4.0-kbp BamHI-EcoRI portion of pBR322 and subcloned. The subclones were separated and characterized, and the DNAs were harvested (30) . Sequencing was performed using the Maxam-Gilbert (31) procedures following 3'-or 5'-labeling with [32P]phosphate.
Primer Extension Analysis. A Kpn I-Fnu4HI fragment was identified, labeled at its 5' ends, and utilized as a primer to extend its mRNA complement (32) . The extended fragment then was sequenced directly.
RESULTS AND DISCUSSION
Isolation of Genomic Clones. We have described the characterization of a cDNA clone pK456 (about 1.95 kbp) that contains information that encodes about 75% of the human 67-kDa keratin (38) . From its deduced amino acid sequence, we found that it lacks the information at the 5' end of the keratin mRNA, and although it contained a polyadenylylation consensus signal sequence at its 3' end, it lacked the poly(A) sequence itself. RNA blot-hybridization analyses revealed that the full-length mRNA for this keratin is 2.5 + 0.1 kilobases (kb). Assuming this length includes a poly(A) tail of about 100 base pairs (bp), the cDNA lacks about 0. kbp of information from its 5' end. Using this cDNA or smaller restriction endonuclease fragments derived from it as probes, a total of three genomic clones were isolated from a X Charon 4A human genomic library. Each of these was extensively mapped by restriction enzyme digestions and hybridization analyses with the cDNA clone to determine their relatedness and information content. The genomic clones c55 and c509 were each about 12.3 kbp long, gave identical restriction enzyme maps, and hybridized to the full length of the cDNA. The genomic clone c433 (7.3 kbp) appeared to be a shorter subset of the others, as its information did not cover the 5' end of the cDNA.
R-Loop Analysis. Fig. 1 shows a typical structure formed between human foreskin epidermal total mRNA, of which that encoding the 67-kDa keratin is a major component, and the genomic clone c55. Eight loops indicating intron sequences are visible. The genomic clone c509 gave identical structures. The orientation of the gene information within the genomic clones was determined by the mapping analyses used above, D-loop analysis with the cDNA (data not shown), and the sequence information described below. From these data, we found that the largest intron is located toward the 5' end (Fig. 1) . The average sizes of the intron and exon regions are summarized in Table 1 that the genomic c55 contains the full-length gene, whose estimated total length is about 6.5 kbp.
Nucleotide Sequence and Structure of Gene. Fig. 2 shows a physical restriction endonuclease map of the genornic c55 and Fig. 3 shows the nucleotide sequence of all exons and most introns of the gene. The 3' end of the gene probably terminates about 20 bp downstream from a polyadenylylation signal sequence in the cDNA sequence (38) . Identification of the probable 5' end of the gene including possible signal sequences for the initiation of transcription and translation was more difficult because complete cDNA information was unavailable. The R-loop analysis ( Fig. 1 and Table  1 ) revealed an exon of about 700 bp at the 5' end and upstream from a large intron. The DNA sequence shows (Fig. 3 ) that this intron begins about 150 bp from the 5' end of the cDNA clone. We then sequenced about 1.3 kbp upstream from this intron to find possible regulatory and transcriptional control consensus sequences and the likely 5' end of the mRNA. Within this 1.3-kbp region, several potential sites for a "CAT box," a "TATA box," and a "cap site," all of which are commonly found in eukaryotic genes (34, 35) , were identified. In addition, extension of the codon reading frame we had found in the cDNA sequence (38) encountered a termination codon just upstream of a Kpn I site (Fig. 3) . Therefore, to resolve the question of the likely Proc. Natl. Acad. Sci. USA 82 (1985) 5' ends of the gene and mRNA, a 72-bp Kpn I-Fnu4HI fragment of genomic DNA was isolated, 32P-labeled at its 5'ends, and used as a primer for a primer-extension experiment with mRNA. The primer was extended uniformly by 70 bp, and sequencing of it revealed that the 5' end of the mRNA continues uninterrupted to the probable cap site indicated in Fig. 3 . We conclude that the probable TATA box utilized is located 42 bp upstream from this, and we suggest the possible CAT box is located 85 bp upstream from the cap site. The extension experiment indicates that of all the potential signal sequences identified, only these are used for this gene. The total length of the gene for the 67-kDa keratin is therefore about 6.25 kbp, and the mRNA transcribed from it is 2.44 kb long [excluding the poly(A) tail] (Fig. 3 and Table 1 ).
Complete Amino Acid Sequence of the 67-kDa Keratin. The definitive location of the cap site of the mRNA for the gene readily permits identification of the initiation (ATG) codon for translation (Fig. 3) , since there is only one such codon downstream from the cap site located within the open reading frame recognized from the sequence of the cDNA clone. The deduced amino acid sequence of 643 amino acids is shown above the nucleotide sequence in Fig. 3 . The first amino acid is serine, as previously predicted for epidermal keratins (36) . The calculated molecular mass of the protein is 
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GTCATTCATCAACATCTCCGAAGGGGAGTGGACCAACTGAAGAGTGATCAATCTCGGTTGGATTCGGAACTGAAGACATGCAGGACATGGTGGAvGGAT TACCGGAACAAG[GTMAGGGACCCTGTCTGGGCAGTTCTTMACTTTTGCT The availability of the complete amino acid sequence for this keratin allows us to extend our observations of the sequence information deduced from the cDNA sequence. The protein contains 179 amino acids in its amino-terminal domain and 151 residues in its carboxyl-terminal domain and, thus, is approximately symmetrical about its central a-helical domain. Moreover, the amino-terminal domain reveals a subdomain structure like that of the carboxylterminal domain. For the amino-terminal end, the subdomains are (0) N, comprising the first 38 residues, which is likely to form a random-coil conformation due to the frequent occurrence of serine and threonine and is highly basic in charge; (ii) V1, a very glycine-rich (60%) sequence of 105 residues; and (iii) gl, a globular subdomain 36 amino acids immediately adjacent to the central a-helical domain. Further analyses of the complete sequence information will be needed to characterize the likely structural and functional roles of the end-domains of the 67-kDa keratin. Comparisons of the exact amino acid sequences of the end-domains of this keratin with those of other keratins reveal significant differences (38) , which are presumably important in defining the function of the keratin IF in the terminally differentiating cells in which this keratin is expressed. Fig. 3 shows that a total of 36 nucleotides are changed between the available cDNA sequence and this gene sequence, which result in 12 amino acid substitutions. Of these 12, 6 are located in the central a-helical domain, resulting in 4 fewer positive charges, but their locations are such that they are unlikely to significantly change the coiled-coil structure. The origin of the differences between the nucleotide sequences is not clear. We speculate that these substitutions may have arisen as a result of reverse transcriptase errors in copying the mRNA sequence or as a result of X phage amplification during preparation of the genomic clones. These substitutions may also represent polydispersity in the mRNA from which the cDNA library was constructed, since the mRNA was isolated from the pooled epidermal tissue of many individual foreskins. We cannot, however, exclude the possibility that a family of similar genes exist for the 67-kDa keratin and that more than one of these is expressed in the epidermis. Preliminary data from our laboratory suggests that there may be six or more copies of the gene in the human haploid genome.
Location of Introns in the 67-kDa Keratin Gene. To our knowledge, the only IF protein gene that has been characterized is that for hamster vimentin (15) , but despite the paucity of information, it is nevertheless interesting to compare the exon/intron structure of this keratin and that of vimentin. ------A-----I 503 528 (39) have suggested that the mRNA for the human 67-kDa type II keratin is 3.8 kb long, based on blot analysis with a nonspecific type II cDNA clone. The complete structure of this gene, reported here, shows that its mRNA is actually about 2.5 kb long. This reaffirms the view (4) that nonspecific cDNA clones must be used with caution.
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